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Abstract
A2B2O7 oxides with defect-fluorite structure are one of the potential candidates for solid oxide fuel cell electrolyte material 
due to their excessive thermodynamic stability in oxygen potential gradient at elevated temperature between 500 and 
900 °C. Holmium hafnate nanoparticles have been synthesised through the Leeds Alginate Process (LAP) using inorganic 
salts of holmium and hafnium as starting materials immobilized in alginate beads. Ion exchange with sodium alginate and 
its subsequent thermal treatment have been used to prepare the nanopowder of  Ho2Hf2O7. Thermal decomposition of 
dried beads is carried out at 700 °C for 2 h and 6 h to obtain the nanoparticles of  Ho2Hf2O7. This calcination temperature 
was determined after carrying out simultaneous thermogravimetric analysis and differential scanning calorimetry (TGA/
DSC). High Temperature X-ray Diffraction (HT-XRD) was carried out to gain further insight into the thermal decomposition 
process in static ambient environment. HT-XRD analysis corroborated with the results obtained from TGA/DSC. Nano-
crystalline powder of single phase  Ho2Hf2O7 has been obtained by calcination of oven dried ion-exchanged alginate 
beads in relatively low temperature range of 500–700 °C. Rietveld refinement of X-ray diffraction (XRD) data confirmed 
the formation of single phase defect fluorite structure of  Ho2Hf2O7. The crystallographic parameters calculated from 
TEM and XRD analysis are in excellent agreement with each other. Furthermore, TEM–EDX analysis confirms that the 
 Ho2Hf2O7 synthesised by the facile alginate process is nearly stoichiometric. Raman spectroscopy gives evidence of the 
presence of oxide-ion vacancy in holmium hafnate which is supported with ac-impedance spectroscopy measurement 
at selected three temperatures. The present study suggests that the LAP has the capability of yielding on a large scale 
single phase defect-fluorite nanoparticles of electrolyte materials for solid oxide fuel cells in environmentally sustainable, 
economical and energy efficiently manner.
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1 Introduction
Solid Oxide Fuel Cells (SOFCs) are an efficient and cost 
effective system for direct conversion of a variety of fuels 
to electricity [1]. High temperature operation of SOFC 
may cause problem of accelerating corrosion, degenera-
tion and instability of components. To overcome this issue 
specialized materials for different parts of cell are required 
[2]. Electrolyte having high ionic conductivity with trans-
port number of ions close to unity and a transport num-
ber of electrons close to zero is significant in lowering the 
operating temperature and maintaining high conversion 
efficiency of SOFC [3].
Ternary oxides having general formula of  A2B2O7 depict 
crystal structure of pyrochlore or fluorite type. Pyrochlore 
is derived from fluorite by removing oxygen anion at 8a 
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site and ordering in cation sub-lattice. Consequently, 
ordered pyrochlore (Fd3m) can be differentiated from 
fluorite (Fm3m) by the superlattice coming from ordering 
both in anionic and cationic sublattice. Larger trivalent 
rare earth elements with eightfold co-ordinated cations 
occupy A-site. Smaller and tetravalent transition metals 
with 6-fold co-ordinated cations like Zr, Ti and Hf occupy 
site-B [4]. Pyrochlore structured composition have a wide 
range of technically important properties such as high 
ionic conductivity, superconductivity, luminescence and 
ferromagnetism [5]. Lanthanide based pyrochlore are 
emerging as an important class of solid oxide materials 
with potential applications as ionic conductors [6], thermal 
barrier coatings [7], nuclear waste storage materials [8], 
scintillators and semiconductors [9]. These applications are 
due to the structural flexibility of pyrochlores and specifi-
cally mobility of anions [10].
Morphology and microstructure of cell components are 
very important for durability and performance of SOFC. 
Sol gel processes are used to fabricate the electrolyte and 
electrode materials of SOFC with preferred properties or 
functionalities, as they are capable of providing good con-
trol of crystal structure, composition, microstructure and 
morphology [11]. Nanopowders of CGO (Cerium Gado-
linium Oxide) and NiO have been successfully prepared 
by Leeds Alginate Process (LAP) for electrolyte and anode 
applications in a SOFC which is a unique polysaccharide 
mediated ion-exchange process developed by Kale et al. 
[12, 13].
Ho2Hf2O7 has been prepared mechanochemically [14, 
15] and thermodynamically [16] for metal-oxide semi-
conductor devices [15], electrochemical devices [15] and 
nuclear waste storage materials [8]. Mehanochemical 
synthesis of holmium hafnate involved the extensive ball 
milling and overnight heating at 900 °C [14] and in other 
case ball milling of holmium and hafnium salts followed by 
calcination at 1500 °C for 24 h [15]. Synthesis of holmium 
hafnate thermodynamically involved the three heating 
protocol of 1200 °C for 36 h, 1300 °C for 36 h and 1400 °C 
for 48 h along with intermittent grinding [16]. However, it 
is important to prepare this material in an environment-
friendly and cost effective manner as the previously used 
methods involve extensive milling and repetitive high 
temperature heating protocol, respectively.
Sodium alginate is a large molecular weight polysac-
charide with general formula  (C6H7NaO6)n and is extracted 
from brown seaweeds. It has varying amounts of α-L-
guluronic acid (G) and 1, 4 linked β-D-mannuronic acid (M) 
residues linked together covalently in different sequence 
such as –MM– or –GG– structures or –GM– block copoly-
mers as shown in Fig. 1. In aqueous solution, multivalent 
metal ions  (Ho3+ and  Hf4+) interact with the carboxylic 
group of alginate forming ‘egg-box’ like structures. Metal 
ions generally prefer to bind on G blocks of alginate mol-
ecules during the ion-exchange process [17]. Metal ions 
immobilize during gelation and drying processes whereas 
they convert to metal oxides on calcination in ambient 
atmosphere. As the alginate structure collapse during the 
calcination, limited proximity of metal oxides supresses 
agglomeration and grain growth thus leading to the for-
mation of crystalline nanoparticles [18, 19].
In this research article we describe a successful applica-
tion of LAP for the first time for the facile synthesis of high 
purity single phase nanocrystalline powder of  Ho2Hf2O7 
after thermal decomposition of oven dried ion-exchanged 
metal alginate beads. In order to understand the thermal 
decomposition process of ion-exchanged metal alginate 
beads, the product was characterised using simultane-
ous thermogravimetric analysis and differential scanning 
calorimetry (TGA/DSC) and High Temperature X-ray Dif-
fraction (HT-XRD). Structural and morphological charac-
terisation of the nanoparticles was carried out using X-ray 
diffraction (XRD) coupled with size/strain Rietveld refine-
ment, Raman spectroscopy and Transmission Electron 
Fig. 1  Structure of Na-Alginate in chain conformation [19]
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Microscopy (TEM) combined with Energy Dispersive X-ray 
(EDX) spectroscopy.
2  Experimental detail
2.1  Materials
Commercially available holmium (III) nitrate pentahydrate, 
Ho(NO3)3.  5H2O (purity 99.9%) and hafnium (IV) tetrachlo-
ride,  HfCl4 (purity 99.9%) were purchased from Alfa Aesar 
(Heysham, UK). Sodium alginate (Na-ALG) was purchased 
from Sigma Aldrich Company Ltd. (Birmingham, UK).
2.2  Synthesis of metal‑alginate beads
Solution of sodium alginate with the concentration of 
4 wt% was prepared by dissolving appropriate quantity 
of sodium alginate in distilled water under magnetic stir-
ring. Metal complex solution was prepared by dissolving 
respective quantities of metal salts to obtain molar ratio of 
 Ho3+/Hf4+ = 1 in distilled water using magnetic stirrer. Both 
the ionic solutions were prepared at an ambient tempera-
ture and pressure. Metal alginate beads were prepared by 
dripping 200 ml of sodium alginate solution from a burette 
into 200 ml of metal complex solution contained in a pyrex 
glass beaker. The beads were about 4 mm in diameter and 
have a small tail as the fall height was inadequate for the 
drops to come to a spherical shape before coming in con-
tact with the metal ion solution. Larger fall heights would 
give nearly spherical beads. Beads were maintained in 
aqueous metal ion solution overnight with gentle mag-
netic stirring to allow complete ion exchange of  Na+ with 
 Ho3+ and  Hf4+. Beads were then separated from the solu-
tion by straining through a stainless steel sieve. Metal algi-
nate beads were washed with distilled water several time 
to remove any unreacted material. Drying of beads was 
carried out in convection oven at 90 °C for 24 h producing 
fully dry beads. The morphology of wet and dried beads 
is shown in Fig. 2.
2.3  Characterisation
Thermal analysis of dried beads was carried out employ-
ing a Mettler Toledo STAR e System (Leicester, UK) which 
simultaneously performed Thermogravimetric Analysis 
(TGA) and Differential Scanning Calorimetry (DSC) inves-
tigations. The TGA and DSC experiments were performed 
in a controlled atmosphere of flowing air at the rate of 
10 mL min−1. Simultaneous TGA/DSC analyses were carried 
out from room temperature to 900 °C at the heating rate of 
10 °C min−1 without any holding time. Initial sample mass 
used in this analysis was adjusted at about 19 mg.
Fig. 2  Schematic flow diagram for the synthesis of  Ho2Hf2O7 nanopowders employing LAP
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The dried metal alginate beads were milled to reduce 
diffusion time by employing Retsch Shaker Mill at the 
frequency of 30 Hz using steel ball to obtain fine powder 
for High Temperature X-ray diffraction (HT-XRD) analy-
sis, employing CuKα radiation (λ = 1.5418 Å) (Anton Paar 
HTK-1200, Almelo, The Netherlands) at 40 kV and 40 mA. 
The temperature program was set to increase the sam-
ple temperature from room temperature to 1000 °C with 
the interval of 25 °C at the heating rate of 10 °C min−1 in 
static air condition. Dwell time of 30 min was provided 
at each temperature to allow the attainment of complete 
thermal equilibration of the sample. Scan for HT-XRD was 
performed over a 2θ ranges from 20° to 80° with the step 
size of 0.03°. To obtain the information of phases present 
a total scan time of 20 min was provided. This system 
employs the X’cellerator multi-detector which causes 
surd (irrational) in step size. Programmable divergence 
and antiscatter slits were used for generating constant 
irradiation length on the sample to improve the data col-
lection statistics at higher angles and reducing the effect 
of air scattering at low angles which has been known to 
influence the background of X-ray diffraction patterns. 
The data were converted from automatic to fixed slit to 
make it suitable for structural analysis. Resultant data were 
analysed using software package X’Pert High Score plus 
(P’Analytical, The Netherlands).
In a separate instance the nanopowder of  Ho2Hf2O7 
was analysed using powder X-ray diffraction (XRD Bruker 
D8) employing CuKα radiation (λ = 1.5418 Å) at ambient 
conditions. A Rietveld size/strain structural refinement was 
performed on the data obtained from XRD. P’Analytical 
X’Pert High Score plus software package was used for Riet-
veld refinement, detail of which can be found elsewhere 
[19–22]. Data comprised of Gaussian and Lorentzian com-
ponents and a Pseudo-Voigt profile was used to refine the 
relative proportion of each component during the refine-
ment process.
Raman spectroscopy was used to study the local struc-
ture of the prepared nanoparticles. Raman spectra was 
collected using a Horiba Raman system with three dif-
ferent excitation laser wavelength of 473 nm, 514 nm 
and 633 nm at an excitation intensity of 25 mW and data 
acquisition time of 10 s. The Raman band of silicon wafer 
at 520.5 ± 0.5 cm−1 was used to calibrate the spectrometer. 
Raman spectra was collected and analysed using Origin 
Pro software.
Finally, holmium hafnate nanopowders were inspected 
using Transmission Electron Microscopy (FEI Tecnai TF20 
FEG-TEM, Eindhoven, The Netherlands) for particle size, 
crystallinity, interplanar spacing and morphological fea-
tures. Energy Dispersive X-ray (EDX) spectroscopy was 
used to estimate the elemental composition. Prelimi-
nary measurements of ac-impedance spectroscopy were 
carried out on the high density sintered pellet of hol-
mium hafnate at three different temperature i.e. 400 °C, 
600 °C and 750 °C over the frequency range of 100 mHz to 
100 MHz in order to determine the oxide-ion conductiv-
ity of the material. Figure 2 shows the schematic process 
flow diagram of LAP for the synthesis of nanoparticles of 
 Ho2Hf2O7.
3  Results and discussions
Thermal analysis of dried beads was carried out using TGA/
DSC and the result of the analysis is shown in Fig. 3 along 
with Differential Thermogravimetry (DTG) trace. Ther-
mal decomposition of dried beads involved six stages of 
phase transforamtion. These six thermal decomposition 
stages were identified to be ranging from 40–120  °C, 
150–210  °C, 217–375  °C, 375–485  °C, 485–535  °C and 
535–565  °C, respectively. In TGA/DTG profile decom-
position steps agreed well with DSC curve as shown in 
Fig. 3. In DSC profile two small endothermic peaks were 
observed in the range 41–108 °C and 160–178 °C which 
is due to the loss of water during heat treatment. In TGA 
curve weight losses of 10% was observed in the first 
stage due to the removal of adsorbed water. Evaporation 
of bounded water and dissociation of alginate structure 
(GG–O–MM, MM–O–GM) along with evolution of bridg-
ing oxygen [13] were observed in the range 150–210 °C 
with corresponding weight loss of 17%. A weight loss of 
23% was observed in the range 217–375 °C due to further 
loss of bridging oxygen and partially reacting with some 
of carbon atoms in the chain to form  CO2. In DSC profile 
an exothermic band was observed from 205–365 °C due 
to this partial reaction and splitting of weaker linkages 
(G–G, G–M and M–M) in the alginate polysaccharide mol-
ecule [13]. Two exothermic peaks were observed in DSC 
profile in the ranges 372–485 °C and 485–573 °C. These 
Fig. 3  TGA/DSC/DTG analysis of dry beads
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peaks were the result of oxidative decomposition of metal-
alginate beads. Weight loss of 21% was observed from 375 
to 485 °C due to the bulk oxidation of alginate to form 
 CO2. Complete decomposition of β-D-mannuronic acid (M) 
and α-L-guluronic acid (G) residues [13] was observed with 
weight loss of 3% and formation of binary metal oxides in 
the range 485–535 °C. In the DSC curve a shoulder in sec-
ond exothermic peak was observed at 535 °C. Formation of 
tertiary oxides was observed in the range 535–565 °C with 
minor weight loss of 1%. Based on TGA/DTG/DSC analy-
sis the calcination temperature of 700 °C was determined 
to be the safe optimum temperature for the formation 
of phase pure  Ho2Hf2O7 which is the lowest temperature 
reported in literature for the formation of this compound.
HT-XRD was performed on milled beads from room 
temperature to 1000 °C at the rate of 10 °C min−1 in sta-
tionary air on α-Al2O3 sample holder.
Figure 4 shows the HT-XRD patterns of oven dried metal 
alginate beads after eliminating α-Al2O3 peaks by refining 
the observed data. At temperature 400–500 °C peaks of 
holmium hafnate started appearing along with sample 
holder peaks. Clearly a single phase cubic defect-fluorite 
 Ho2Hf2O7 pattern appeared to have evolved from alginate 
matrix at 500 °C. At 600 °C, single phase holmium hafnate 
pattern with high purity was clearly seen after complete 
thermal decomposition followed by crystallisation of 
metal-alginate beads which is in good agreement with 
transformation temperature observed in TGA/DSC analy-
sis. It is apparent that the onset of decomposition occurred 
at 400 °C and ended at 600 °C with the formation of high 
purity nanoparticles of  Ho2Hf2O7. Further increase in 
temperature from 700 to 1000 °C results in the XRD peaks 
becoming narrower, sharper and more intense due to the 
growth in crystal size [13].
Inset of Fig. 4 shows observed HT-XRD patterns of dried 
metal-alginate beads at selected temperatures of 100 °C, 
700 °C and 1000 °C. α-Al2O3 peaks were observed through-
out the scan from 25 to 1000 °C as some of the X-rays pen-
etrated through metal alginate sample to the surface of 
sample holder. Apart from α-Al2O3 sample holder peaks, 
no peaks of any other unexpected material were observed 
above 400 °C which confirms the formation of high purity 
 Ho2Hf2O7 employing the alginate synthesis method (LAP) 
shown in Fig. 2.
Results of TGA/DSC and HT-XRD are in good agreement 
with each other showing complete thermal decomposi-
tion of dried metal alginate beads leading to the forma-
tion of nanocrystalline  Ho2Hf2O7 at 600 °C. Based on the 
Hess’s law of heat summation it can be concluded from the 
results of TGA/DTG/DSC traces shown in Fig. 3 and HT-XRD 
Fig. 4  HT-XRD patterns of metal alginate beads from 25 to 1000 °C, 
sample holder (α-Al2O3) peaks were digitally eliminated for clarity. 
The patterns are indexed by ICDD, 00-024-0473 with miller indices 
of crystal planes of cubic  Ho2Hf2O7 shown at the top of the peaks. 
Inset shows the HT-XRD of dried metal-alginate beads at 100  °C, 
700 °C and 1000 °C. Inset also shows the positions ‘filled squares’ of 
α-Al2O3 peaks from sample holder
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patterns shown in Fig. 4 that the enthalpy change for the 
thermal decomposition of metal-alginate  (Ho3+/Hf4+—
ALG) into  Ho2Hf2O7,  CO2(g) and  H2O(g) is − 6834 ± 683 J/g.
The net enthalpy change is calculated from the alge-
braic sum of the area under each peak in the DSC trace 
divided by the change in weight of the corresponding 
peak in TGA trace. The net enthalpy change of − 6834 J/g 
(± 10%) shows that over all decomposition process is exo-
thermic in nature. It can be envisaged that in a continuous 
manufacturing process the evolved heat can be utilized for 
the drying and calcination process of beads or stored if it 
is produced in excess of the requirements thereby making 
the process either fully or partially self- sustainable.
Nanopowders of  Ho2Hf2O7 for further characterisation 
were obtained from dried beads calcined at 700 °C for 2 h 
and 6 h in stationary air. During calcination the rate of 
10 °C min−1 was maintained for both heating and cooling 
cycles. Thermal decomposition of the precursor formed 
the weakly-bonded agglomerates of  Ho2Hf2O7 nanoparti-
cles which were converted into fine particles using mortar 
and pestle.
XRD analysis was performed of the nanopowders of 
 Ho2Hf2O7 after calcining at 700 °C for 2 h and 6 h respec-
tively. The observed data for different annealing time 
corresponded with the single phase cubic defect fluorite 
structure of  Ho2Hf2O7 as shown in Fig. 5. The broadening of 
the peak is mainly due to the nano-sized crystallites, which 
is the characteristic of the materials synthesized by Leeds 
Alginate Process (LAP) [12]. Furthermore, as the calcination 
duration increases from 2 to 6 h coarsening takes place 
due to thermally assisted enhanced mass transport within 
the nanocrystals resulting into sharper and narrower XRD 
peaks.
Table 1 below shows the effect of calcination duration 
on crystallite size. Growth in crystallite size is because 
of Ostwald ripening in which crystal size increases with 
time at elevated temperature due to enhanced cationic 
ionic diffusion as large crystals are formed at the expense 
of smaller crystals. For longer calcination duration grain 
growth results in stable structure. The process will con-
tinue resulting in the growth of larger particles and cor-
respondingly disappearance of smaller particles [13, 23].
Rietveld refinement of the XRD pattern of holmium 
hafnate  (Ho2Hf2O7) calcined at 700 °C for 6 h is shown 
in Fig. 6. The observed and calculated patterns matched 
with each other and peaks are also indexed with the XRD 
reference pattern (ICDD, 00-024-0473). The observed and 
calculated patterns are in excellent agreement with each 
other as seen from the value of goodness of fit (GOF) close 
to unity in Table 1.
Fig. 5  XRD patterns of 
 Ho2Hf2O7 nanoparticles cal-
cined at 700 °C for (a) 2 h and 
(b) 6 h. Patterns are indexed by 
ICDD, 00-024-0473 indicating 
the miller indices of  Ho2Hf2O7 
shown at the top of the peaks
Table 1  Structural parameters 
of  Ho2Hf2O7
Sample heat 
treatment
Rietveld refined size strain analysis
Avg. crystallite 
size (nm)
Micro strain (%) Rwp (%) Rexp (%) GOF Lattice 
param-
eters (Å)
700 °C-2 h 5.40 (0.05) 2.237 (0.02) 3.4 3.27 1.04 5.1280
700 °C-6 h 6.10 (0.08) 1.18 (0.015) 2.84 2.45 1.34 5.1308
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Crystallite size of sample was calculated applying the 
Scherrer’s equation to the XRD pattern shown in Fig. 5. 
Crystallite size was obtained after eliminating instrument 
broadening and stress–strain broadening. The observed 
data and refined model are in good agreement as the sam-
ple shows approximately 3% weighted residual (Rwp) from 
refinement. Coarsening increased with increase in anneal-
ing time, and correspondingly the micro-strain decreased. 
With the rise in annealing time the particles aggregate 
and resultantly increase in particle size was observed. 
The lattice parameters of metallic nanoparticles contract 
with decrease in particle size in an inverse function of the 
diameters of nanoparticles [24].
The peaks were assigned with their Miller indices using 
reference pattern. Unit cell parameters of holmium hafnate 
lattice were modified during Rietveld refinement to best 
fit the experimental XRD pattern and compared well with 
reference pattern.
Stable defect f luorite structured nanopow-
der of  Ho2Hf2O7 with unit cell lattice parameters 
a = b = c = 5.1308 Å and α = β = γ = 90° were prepared 
employing LAP which is in excellent agreement with the 
corresponding values reported in literature of  Ho2Hf2O7 
obtained mechanochemically [14, 15] and thermodynami-
cally [16]. XRD reference pattern (ICDD-00-024-0473) con-
sidered as standard for the determination of the lattice 
parameters and a standard deviation (σ) of 0.0346 was 
found.
As XRD techniques are not sufficient to analyse the 
structural features of light atoms such as oxygen, Raman 
spectroscopy was used to support these inferences. Peaks 
identified in Raman spectra were fitted using suitable 
logarithmic functions to understand true Raman features. 
Raman peaks were fitted using Lorentz function which is 
suitable fitting technique for crystallised phases [25]. Lor-
entz function can be used to obtain wavenumber, area, 
height and FWHM (full width at half maximum) from a sin-
gle Raman peak which provide distinct information about 
the material. Wavenumber (Raman shift) from Raman 
peak is distinctive to differentiate materials as each ionic 
group has unique wavenumber under laser excitation 
[26]. FWHM is relevant to the degree of crystallisation of 
materials [27]; increase in width suggests less crystallinity. 
Remaining two features are related to quantitative infor-
mation of material; peak height and peak area [28]. Raman 
spectroscopy was employed to understand the material 
formed. Peaks in the Raman spectra were analysed using 
Origin Pro software.
Pyrochlore oxides have six theoretical Raman active 
modes [16, 29–37]
These Raman active modes represent the vibrations 
of 〈Ln–O〉 and 〈Hf–O〉 bonds [14, 32–40]. Raman spec-
troscopy is more suitable to study anion disorder in pyro-
chlores as these modes involve motion of oxygen atoms. 
Five modes  (A1g + Eg + 3F2g) contribute to  O48f vibrations 
and  O8b vibrations yield a single  F2g mode [32, 41]. Raman 
spectra of  Ho2Hf2O7 nanopowder is shown in Fig.  7 
acquired using 473 nm excitation wavelength. Raman 
modes observed at 571, 657, 885  cm−1 correspond to 
Ho–O stretch. Weak band around 1047 cm−1 resulted due 
to stretching of Hf–O. Spectra in Fig. 7 shows some initial 
(1)ΓRaman = A1g + Eg + 4F2g
Fig. 6  Rietveld refined ambi-
ent XRD patterns of  Ho2Hf2O7 
nanoparticles calcined at 
700 °C for 6 h with Miller 
indices representing fluorite 
structure
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pyrochlore type short range ordering of cation and oxygen 
vacancies [27–29]. Broad band from 350 to 450 cm−1 can 
be associated to compositional substitution by atoms with 
mismatched atomic radii and valencies [42]. Here Raman 
spectra confirms the defect-fluorite structure of holmium 
hafnate as the band around ~ 750 cm−1 is breathing mode 
attributed to distortions in  HfO6 octahedra which strictly 
should not be present in perfect pyrochlore structure [29]. 
A band around 530 cm−1 can be explicitly assigned to the 
 A1g mode of pyrochlore phase [13, 43], which is also absent 
in Fig. 7.
Inset of Fig.  7 shows the photoluminescence (PL) 
spectra of  Ho2Hf2O7 with excitation wavelengths of 
473 nm (blue), 514 nm (green) and 633 nm (Red). Raman 
spectra shown in Fig. 7 was observed below 800 nm. 
It is known that with the change in excitation wave-
length the Raman bands shift the same amount corre-
spondingly while the PL lines stay on the same wave-
number [40]. With 473  nm and 633  nm, 5F4/
5S2 → 
5I7 
transition [44] bands were seen at around wavelength 
of 850–890 nm showing the PL nature of this band by 
staying on the same position. The corresponding excita-
tion energy range with this band is ~ 1.37 to 1.43 eV. It 
is quite evident that under the excitation wavelength of 
514 nm the PL lines from 5F4/
5S2 → 
5I8 transition [44] are 
so intense that they suppressed the traditional Raman 
spectra of holmium hafnate. Equivalent wavelength and 
excitation energy range with this band is 810–830 nm 
and ~ 1.50 to 1.54 eV respectively (Luminescence spec-
tra #1 in Fig. 7). An important finding from the above 
analysis is that Raman scattering and PL under 473 nm 
excitation wavelength can occur simultaneously as two 
separate optical processes for  Ho2Hf2O7 nanopowders. 
The selection of appropriate wavelength is an important 
factor for Raman study.
The morphology of obtained nanopowder of  Ho2Hf2O7 
was investigated using Transmission Electron Microscope 
(FEI Tecnai TF20 FEG-TEM). Gatan Microscopy Suite (GMS) 
software was used for the analysis of TEM images and 
Selected Area Electron Diffraction (SAED) patterns. TEM 
images and SAED pattern of  Ho2Hf2O7 nanopowder cal-
cined at 700 °C for 2 h are shown in Fig. 8. Inset shows the 
area enclosed with red circle for SAED pattern. Holmium 
hafnate nanoparticles are of uniform shape with narrow 
size distribution and crystalline in nature (Table 3). Results 
from TEM confirmed the XRD analysis. XRD peak broaden-
ing and less sharp SAED rings indicate smaller crystallite 
size for annealing time of 2 h.
TEM images of holmium hafnate nanoparticles calcined 
at 700 °C for 6 h are shown in Fig. 9. Inset shows the area 
encircled red for SAED pattern. SAED rings and XRD pat-
terns were compared and all the values of Miller indices 
(hkl) are in good agreement with XRD reference pattern 
(ICDD, 00-024-0473). Table 2 shows the d-spacing calcu-
lated from TEM and XRD data for different crystal planes. 
Interplanar spacing (d-spacing) agreed well in case of XRD, 
TEM (SAED) and reference pattern (Table 2).
More spots appearing in the ring pattern in Fig.  9 
compared with Fig. 8 indicate the relatively larger crys-
tallite size of  Ho2Hf2O7 nanoparticles of sample calcined 
Fig. 7  Raman Spectra of 
 Ho2Hf2O7 nanopowder with 
excitation wavelength of 
473 nm and fitted peaks. Inset 
shows the luminescence spec-
tra with laser wavelengths of 
473 nm, 514 nm and 633 nm
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for 6 h at 700 °C. This is in agreement with the results of 
XRD and TEM analysis shown in Table 1 and 2.
Grain sizes from Figs. 8 and 9 were calculated using 
ImageJ and are shown in Table 3. Holmium hafnate nan-
oparticles show narrow size distribution and with the 
increase in calcination duration grain size increases.
Energy Dispersive X-ray (EDX) spectroscopy was used 
to study the composition of holmium hafnate nanopar-
ticles. Figure 10 shows the EDX analysis of Fig. 9 and 
it confirms the presence of Ho, Hf and O in the same 
ratio as in the stoichiometry of the material. Peaks due 
to C and Cu are attributed to the holey carbon copper 
mesh grid used for TEM–EDX analysis. The inset in Fig. 10 
shows the atomic percent of elements obtained from 
EDX analysis which agrees very well with the theoretical 
values of 18.2 at% for Ho, 18.2 at% for Hf and 63.6 at% 
for O indicating that the compound exhibit negligible 
non-stoichiometry.
A HR-TEM image of  Ho2Hf2O7 nanopowder calcined at 
700 °C for 6 h is shown in Fig. 11. Lattice planes can be eas-
ily seen and indexed as (311). Nanoparticles of  Ho2Hf2O7 
showed the crystalline phase formation with cubic struc-
ture and interplanar distance of 1.51 Å which correspond 
to the (311) plane. HR-TEM image of holmium hafnate 
powder prepared by solid state reaction through mechani-
cal milling was reported in literature [15]. The interplanar 
distance calculated by Shojan et al. [15] is 2.60 Å for (X00) 
plane is in good agreement for (200) plane as shown in 
Table 2. Using high purity feed material nanoparticles 
of  Ho2Hf2O7 can be successfully prepared by employing 
novel Leeds Alginate Process (LAP) at significantly low 
Fig. 8  TEM images with SAED pattern of  Ho2Hf2O7 calcined at 
700 °C for 2 h Fig. 9  TEM images with SAED pattern of  Ho2Hf2O7 calcined at 
700 °C for 6 h
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temperature (~ 600 °C) and in an energy efficient manner 
compared with other processes [14–16].
Nanopowders of holmium hafnate were pressed into 
pellet and sintered at 1500 °C for 2 h. Ac-impedance spec-
troscopy was carried out at selected three temperatures i.e. 
400 °C, 600 °C and 750 °C between 100 mHz and 100 MHz on 
the obtained ceramic sample of holmium hafnate and the 
preliminary data of bulk and grain boundary conductivity of 
 Ho2Hf2O7 is reported in the Table 4. There has been no sign 
of grain boundary contribution to the total conductivity of 
 Ho2Hf2O7 at 400 °C and the ionic conductivity is solely due 
to the bulk oxide-ion migration however with the increase 
in temperature bulk and grain boundary contribution 
were distinctly observed. The values of the activation ener-
gies were 1.24 (± 0.01) eV for bulk conductivity and 1.55 
(± 0.01) eV for grain boundary conductivity. Details on the 
ionic conductivity of similar material  Ho2Zr2O7 synthesised 
employing LAP has been recently reported by Sardar et al. 
[45] which further supports that  Ho2Hf2O7 is a promising 
material for SOFC electrolyte.
Table 2  Comparison of 
d-spacing of holmium hafnate 
from TEM and XRD rietveld 
refinement
h k l Ref. (ICDD-00-024-
0473) d (Å)
XRD d (Å) TEM d (Å)
700 °C-2 h 700 °C-6 h 700 °C-2 h 700 °C-6 h
1 1 1 3.00600 2.95158 2.95049 3.00 2.94
2 0 0 2.60400 2.55749 2.55665 2.54 2.52
2 2 0 1.84100 1.81032 1.80979 1.79 1.78
3 1 1 1.57000 1.54445 1.54402 1.53 1.51
Table 3  Grain size analysis of holmium hafnate nanopowders from 
TEM images
Size range (nm) Avg. 
grain size 
(nm)
700 °C-2 h 8.5–12.5 10.3
700 °C-6 h 14–18 17.36
Fig. 10  EDX analysis of  Ho2Hf2O7 nanopowders calcined at 700  °C 
for 6 h
Fig.11  HR-TEM image of  Ho2Hf2O7 powder with defect-fluorite 
structure and interplanar spacing of 1.51 Å along the (311) direction
Table 4  Bulk and grain boundary conductivity of  Ho2Hf2O7 pellet
Temperature (°C) Bulk conductivity 
(S cm−1)
Grain bound-
ary conductivity 
(S cm−1)
400 1.44 × 10−7
600 1.15 × 10−5 6.35 × 10−6
750 2.44 × 10−4 1.22 × 10−4
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4  Conclusions
Nanoparticles of holmium hafnate were successfully syn-
thesised using the Leeds Alginate Process (LAP). Thermal 
analysis of prepared metal alginate beads using TGA/
DSC is in confirmation with the HT-XRD data as onset 
and endset of decomposition is similar in both cases. 
Following these conclusions calcination temperature of 
700 °C was determined. XRD analysis exhibits that single 
phase cubic nanoparticles of  Ho2Hf2O7 with defect-fluo-
rite structure and space group of Fm3m were obtained. 
Analysis from Raman spectra confirms the defect-fluorite 
structure of  Ho2Hf2O7. Raman scattering and photolu-
minescence under 473 nm excitation wavelength can 
occur simultaneously as two separate optical processes 
for  Ho2Hf2O7 nanopowders. Values of interplanar spacing 
obtained from characterization techniques of XRD and 
TEM agree with each other as well as XRD reference pat-
tern. Crystallite size is affected by the calcination dura-
tion. With the increase in calcination duration from 2 to 
6 h crystallite size increased from 5.40 to 6.10 nm. TEM 
analysis is carried out and peaks from XRD data and lat-
tice planes from SAED rings are in good agreement. The 
d-spacing values obtained from Rietveld refinement and 
SAED are comparable as well. Grain size analysis from 
TEM images confirms the narrow size distribution and 
increase in grain size with increase in calcination dura-
tion. TEM–EDX analysis confirm that  Ho2Hf2O7 is stoi-
chiometric. Raman spectroscopy shows the evidence 
of oxide-ion vacancy which is further confirmed by the 
temperature dependence of the ac-impedance meas-
urement of  Ho2Hf2O7. The LAP has capability to success-
fully yield pyrochlore oxide nanoparticles of electrolyte 
materials for solid oxide fuel cells. Pyrochlore oxides with 
defect fluorite structure are known to be good oxide ion 
conductors and potential materials as solid oxide fuel 
cell (SOFC) electrolytes.
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